Titanate nanostructures are of great interest for catalytic applications because their high surface area and cation exchange capacity create the possibility to achieve high metal dispersion. Ion exchange allows titanate nanostructures to incorporate metal adatoms in their framework. Consequently, the curved layers contain a large amount of defect sites, typically oxygen vacancies and Ti 3+ centers, which can make them promising photocatalysts, because the defect sites can trap photoelectrons or holes extending the lifetime of the excited state. Due to the large amount of defects, titanate nanotubes (TNT) can stabilize sub-nanosized gold clusters, presumably in Au 25 form. This perspective summarizes the previous results obtained in the photocatalytic transformation of methane in which the size of gold nanoclusters plays an important role. Photocatalytic measurements revealed that methane is active towards photo-oxidation. Methane transforms mainly into hydrogen and, to a lesser extent, to ethane and ethanol. Based on recent additional results, we stress here that gold clusters (Au 25 ) may be directly involved in the photo-induced reactions, namely in the direct activation of the methane/Au 25 δ+ complex during irradiation. Another new finding is that gold nanoparticles supported on TNT exhibit high catalytic activity in CO 2 hydrogenation. Our results revealed fundamental differences in the reaction schemes as the products of the two routes are CO (thermal process) and CH 4 (photocatalytic route), indicating the importance of photogenerated electron-hole pairs in the reaction. The presence of gold nanoparticles on the surface has been found to have multiple roles. On the one hand, gold in nano and sub-nano sizes promotes the adsorption and scission of reactants, important for both types of reactions. On the other hand, the gold-support interface forms a rectifying Schottky contact that helps in the separation of photogenerated carriers, thus improving the utilization of electrons and holes in the reduction and oxidation steps, respectively. Furthermore, gold ions (Au + ), in the cationic sites of the titanate lattice promote the photocatalytic transformation of formate (which is one of the intermediates), thus advancing the reaction further towards the fully reduced product. The explored reaction schemes may pave the road towards novel catalytic materials that can solve challenges associated with the activation of CH 4 and CO 2 and thus contribute to green chemistry.
Introduction
The importance of the size and shape of metal nanoparticles supported on different oxides is in the focus of thermal-and photo-induced catalytic investigations today. Gold is usually an inert, poorly active catalyst. The majority of industrially important reactions cannot be catalyzed by gold, because even very reactive molecules like oxygen or hydrogen do not chemisorb on all gold surfaces [1] . However, earlier theoretical calculation has already beautifully explained why the flat surface of gold could be inert in hydrogen chemisorption [2] . Dissociative hydrogen adsorption on Au/Al 2 O 3 was experimentally demonstrated by in-situ X-ray absorption spectroscopy [3] . In this case, the high dissociative probability of hydrogen is related to the effect of the number of edges of Au clusters and the effect of strain [4] .
Curiously, when dispersed as ultrafine particles over a metal oxide like titania, Au showed an outstanding effect for catalytic combustion, partial oxidation of hydrocarbons, hydrogenation of unsaturated hydrocarbons and reduction of nitrogen oxides [5] . Small Au clusters can promote the reaction between CO and oxygen at very low temperature (40 K) [6] . In CO oxidation, Au clusters invoke a marked increase in the reaction rate as the diameter of the Au clusters is decreased below ~ 3.5 nm [7] . Several possible explanations for this effect have been suggested. Some authors emphasize the special role of sites at the metal/support interface [8] and others point to the importance of coordinative unsaturation of the surface atoms [9] . Based on STM results, Goodman et al. ascribed the anomalous high activity of small clusters to quantumsize effects [10] . They found that gold particles form disclike structures on the oxide support and that the reactivity depends on the disc height. Recently scanning probe techniques have been used to determine the electronic and structural properties of supported Au particles as a function of the number of Au atoms in the particles [11, 12] . It was demonstrated how charge transfer between the support and the metal particle determines the shape of nanoparticles. The chemical potential versus particle size across the full size range between single isolated atom and bulk like limits is reported [13] . Very recently, metal catalysts for heterogeneous catalysis were surveyed from single atoms to nanoclusters and nanoparticles [14] . Metallic species of different size (single atom, nanoclusters, and nanoparticles) show different catalytic behavior in heterogeneous catalytic reactions. It was shown that the work function of Au species with different atomicity strongly depends on the particle size [15] . When a gold cluster contains less than 30 atoms, the work function varies significantly with the atomicity. However, as the atomicity increases to above 70 atoms (> 1.5 nm), the work function remains constant and then slowly increases with the particle size. The sizedependent electronic structure is more significant when the Au nanoclusters consist of less than 40 atoms [16] . The situation is well-represented in Fig. 1 .
As shown in Fig. 1 , the frontier orbital panels of Au n atoms (n ≤ 7) consist of several lobes localized on the Au atoms with unsaturated coordination environment. When the atomicity increases above 8, the geometric structure of the Au nanocluster will change from planar to 3D [17] . When the atomicity of metal particles increases to > 40 (with particle size > 1 nm), the bandgap between HOMO and LUMO becomes smaller than those in subnanometric metal clusters. For larger metal nanoparticles (> 2 nm), a continuous band structure will form.
The size of nanoparticles also plays an important role in photo-and external energy-mediated surface chemistry. Elucidating molecular energy transfer processes at metal surfaces is challenging because the energy dissipates within femtoseconds or picoseconds by non-adiabatic electron excitation (i.e., e-h pairs). Generally, depositing noble metals onto a semiconductor surface can appreciably suppress the rate of exciton recombination as the clusters serve as electron sinks. Au nanoparticles have often been coupled to TiO 2 support to exploit their localized surface plasmonic resonance (LSPR) property in photocatalysis [18] [19] [20] . LSPR is a collective free electron charge oscillation in metallic nanoparticles excited by light [21] . This phenomenon usually occurs in nanoparticles larger than 3-5 nm, and it strongly depends on particle size, shape and local dielectric environment [22] . In perspective, hot electrons and surface plasmons can be used to change the catalytic activity using metal-oxide nanocatalysts [23] [24] [25] . Besides, it is worth investigating the catalytic activity of sub-nanosized metal particles (below 2-3 nm) and metal ions in theoretically and technologically important catalytic reactions. When the photogenerated electrons are produced in the semiconductor, they will probably be transferred to the metal particles through a Schottky barrier [19] . The charge transfer rates between oxide nanoparticles and Au clusters may depend on cluster size. It is well-demonstrated in the case of ZnO/Au n system displayed in Fig. 2 [26] . Ultrafast spectroscopic measurements showed that when the Au particle size increases from ca. < 2-3 nm (Au 25 ) to ca. < 3.5 nm (Au 807 ), the charge-transfer rate also increases, leading to higher photocatalytic activity in the case of thionine degradation [26] .
In this Perspective we discuss the role of sub-nanosize particles in thermal-and photo-induced catalytic reactions. We consider that small clusters (< 2-3 nm) loose their bulklike electronic properties (e.g. no Fermi level); for example, they no longer support the plasmonic excitation characteristic of relatively large metal nanocrystals (3-50 nm). Such "molecular-like" clusters can be stabilized on several oxides. Besides small clusters, single atoms or ions can be stabilized by oxides (mainly by titanates) as well. In this study, we focus mostly on "molecular-like" gold clusters (Au n ; n ≤ 25) and single gold atoms or gold ions (Au n+ ; n ≥ 1), which could contribute to developing further a progressive direction in heterogeneous catalysis.
Catalysis on Gold Nanoclusters (AuNCs) Deposited on Metal Oxides: A Short Review
Gold nanoclusters (AuNCs) formed on oxide supports have been found to be catalytically active depending on the number of atoms forming the clusters [27, 28] . The catalytic properties depend on the Au-Au distance, the coordination number and the electronic structure of the cluster [29, 30] . Scanning probe techniques were used to determine the electronic and structural properties of supported particles as a function of the number of Au atoms in the particle on MgO and other doped oxide materials. It was demonstrated how charge transfer between the support and the particles determines the shape of nanoparticles [12, 31] . The oxidation of CO was investigated on Au 8 clusters on MgO [32, 33] . [30] . Thiol-stabilized gold nanoclusters have attracted significant research interest not only in catalysis [35] [36] [37] [38] , but also in biomedicine [39] and chemical sensors [40] . X-ray crystallographic analysis revealed that the Au 25 cluster is based on a centered icosahedral Au 13 core capped by an exterior shell composed of the remaining twelve Au atoms, and the whole cluster is encapsulated by eighteen thiolate ligands [41, 42] . Because of strong quantum size effects, the Au 25 cluster shows multiple molecular-like transitions in its optical absorption spectrum; well-defined bands are observed in the UV-Vis spectrum at 1.8, 2.75, and 3.1 eV [42] . For thiol-stabilized Au 38 clusters different bands were observed at 1.64 and 2.0 eV [38] .
Supported and size-controlled Au clusters can be prepared with the thiol-ligated solution-based method, providing a new approach to the synthesis of such catalysts. Recently Au 25 (SR) 18 (SR = -SCH 2 CH 2 Ph) has been successfully deposited on CeO 2 rods [43] , as demonstrated in Fig. 3 . A HAADF-STEM image of the as-synthesized Au 25 (SR) 18 /CeO 2 rod catalysts with the UV-Vis spectrum and MS pattern of the as-synthesized Au 25 (SR) 18 nanoclusters are displayed. This gold cluster on ceria system was explored in CO oxidation as a probe reaction. Kinetic tests, in situ IR and X-ray absorption spectroscopy, and density functional theory (DFT) were employed to characterize the reaction. The intact Au 25 (SR) 18 on the CeO 2 rod was unable to adsorb CO. Only when the thiolate ligands are removed is the activation started, and then CO oxidation occurs below 423 K. Cationic Au sites (charged between 0 and + 1) are found to play a major role in low-temperature CO oxidation. The particle size of Au (1-1.5 nm) was the same in the unsupported and the CeO 2 -supported case. A strong interaction must exist between Au nanoclusters and CeO 2 rods to prevent agglomeration at high temperatures such as 673 K.
TiO 2 supported Au 38 (SR) 24 nanoclusters did not show high activity for CO oxidation unless the thiolate ligands were removed. Treatment with H 2 /He at 673 K removed most of sulfur-containing ligand and also increased the average Au size to 3.9 nm. The obtained 0.7% Au/TiO 2 catalysts showed the expected Arrhenius behavior, with apparent activation energy of 31.2 kJ/mol for the CO + O 2 reaction. However, the turnover frequency of 0.7% Au 38 / TiO 2 was lower than that of catalysts prepared by conventional methods [38] . Adapted with permission from Ref. [43] . Copyright 2014 American Chemical Society
Catalysis in the Presence of Au
Cluster (Au 25 ) and Au + Ion on Titanate Nanostructures
Formation and Characterization of Au 25 Cluster and Au + Ion on Titanate Nanostructures
Titanates are salts of polytitanic acid that can be synthesized as nanostructures in a great variety concerning crystallinity, morphology, size, metal content and surface chemistry. Recently, the structure and properties of titanate nanotubes (TNTs) were widely characterized by several material and surface science tools [44] [45] [46] [47] [48] [49] [50] [51] . They are open-ended hollow cylinders measuring up to 200 nm in length and 15 nm in outer diameter [44, 45] . They have numerous advantageous properties that play important roles in several catalytic reactions. It is well known that the larger amount of defect sites (Ti 3+ and oxygen vacancy) compared to pristine TiO 2 produces more donor levels, thus making titanates generally more active. Moreover, the high surface area and cation exchange capacity of titanate nanostructures provide the possibility of achieving high metal dispersion over them. Ion exchange allows titanate nanostructures to incorporate metal adatoms in their framework, which may create another type of active center besides metal clusters [45, 46] . This allows an atomic-scale distribution of metal cations in the titanate lattice.
The size of gold particles can be influenced by the preparation method [48, 51] . In Table 1 . we summarize important data obtained for two different preparation methods, namely impregnation followed by reducing with H 2 at 473-523 K (method A), and deposition-precipitation with NaBH 4 as the reducing agent (method B).
Smaller cluster sizes can be achieved by reducing with NaBH 4 . A characteristic particle size distribution was calculated and plotted in Fig. 4 . The size of the TEM-identified Au nanoparticles is in the 1-6 nm range. The average particle size is 3.1 ± 0.9 nm, and the most abundant size is 2.5-3.0 nm.
In our previous works [47] [48] [49] [50] we demonstrated that the XP spectra reflect to the formation of Au + (gold in ion-exchange position) and small clusters. In the present perspective we attempt to separate the Au + and gold clusters (< 2-3 nm) and estimate their quantity obtained using the two preparation methods. Symmetric Au 4f 5/2 and 4f 7/2 4 TEM image (left) and corresponding particle size distribution (right) of Au particles in a Au/TNT (B) system. Reproduced from Ref. [51] emissions were observed at 87.7 and 84.0 eV, which corresponds to Au 0 . An additional peak with significant intensity appeared at 85.9 eV (Fig. 5) . A very tiny emission could be resolved after deconvolution at 84.7 eV (Au 4f 7/2 ) after reduction with NaBH 4 (Fig. 5a ). These features were also identified in the Au 5/2 component. The spectrum of a clean Au film prepared on glass is also shown (Fig. 5c) .
The peak at 85.9 eV can be assigned to Au + ions in the ion exchange positions of TNT [45, 47, 48] . Core level shifts due to low particle size may also contribute to the peak at ~ 84.7 eV that cannot be resolved in Fig. 5b , where the particle size is 9.4 ± 2.9 nm. The highest Au + (Au n+ ) ion concentration was reached when the reduction of gold was carried out with NaBH 4 at room temperature. A higher binding energy peak (85.9 eV) with much smaller intensity was detected by XPS when the reduction was done with hydrogen at 473-573 K (Fig. 5b) . Using this method, the resulting Au particles have 8-10 nm size [45, [47] [48] [49] . For comparison we mention here that on TiO 2 , the size of gold nanoparticles depends also on the preparation method. According to XPS analysis, the Au 4f 7/2 peak appeared at 84.0 eV. Only a very small high energy side shoulder (or none at all) attributable to ions or any appreciable amount of gold clusters was observed [52] . Thus it is evident that in the TiO 2 case, there is no gold in ion exchange positions.
In order to get more information about the XPS position of small amounts of gold clusters we previously studied the gold deposition on stoichiometric and reduced TiO 2 (110) model systems [50] . The Au 4f 7/2 peak positions were measured as a function of Au coverage.
The peak appeared at 84.3 eV at very low coverage (0.04 ML) on the stoichiometric TiO 2 (110) surface. The position of this emission shifted slightly to lower binding energy with increasing coverage. Above 1 ML coverage it was located at 84.0 eV, which corresponds to the bulk position. On reduced TiO 2 (110) the binding energy shift from submonolayer to monolayer is larger (> 0.6 eV; 84.6 eV) than that on the stoichiometric surface. The deposited Au forms smaller crystallites in higher density on the thermally reduced surface (higher number of Ti 3+ sites) relative to the stoichiometric substrate (Fig. 6) .
On Au 9 /TiO 2 the binding energy for Au 9 was 84.8 eV. This 0.8 eV upward shift (compared to bulk gold position (84.0 eV)) was attributed to the final state effect due to small clusters [26, 29] . These experiments show that the cluster size effect causes smaller binding energy shift than the Au + in ion exchange position on TNT. Based on these data we can separate the Au + position (85.9 eV) and that of small clusters (~ 84.7 eV). This latter weak binding energy peak could not be resolved when the reduction occurred with hydrogen at 473-573 K and the average size was 9.4 ± 2.9 nm (Fig. 2b ). It appears that the intensity of the measured highest binding energy peak (85.9 eV) on TNT in XPS is roughly proportional to the amount of Au + incorporated in the titanate framework.
Pure TNT showed a strong absorption at 3.59 eV (351 nm wavelength) in UV-Vis experiments. The bandgap energy calculated from the Tauc plot was 3.07 eV (Fig. 7) . The bandgap of 1 wt% Au/TNT was slightly smaller (3.03 eV), but no significant further changes were observed at 2.5 wt% Au content. The spectrum of Au/TNT shows a strong . This is the characteristic absorption of the surface plasmon of gold nanoparticles (d > 3 nm) and arises as a result of the collective modes of oscillation of the free conduction band electrons induced by an interacting electromagnetic field [18] [19] [20] [21] . Interestingly, the spectrum also shows some unresolved peaks, mostly at higher energies. After deconvolution we can identify four absorptions at 1.60 eV (774 nm), (2.68 eV (426 nm)), 2.93 eV (423 nm), and 3.19 eV (388 nm), due to small clusters (Fig. 7) . It has been demonstrated above by XPS and HRTEM measurements that our titanate nanotube samples contain gold in very small sizes (d < 3 nm) (Figs. 4, 5 ) as well.
It should be emphasized that small gold nanoparticles (d < 3 nm) lose their bulk-like electronic properties; for example, they no longer show the plasmon excitation characteristics of relatively large gold nanocrystals. Multiple molecular-like transitions of a thiol-protected Au 25 cluster were observed as at least three well-defined bands at 1.8, 2.75, and 3.1 eV by UV-Vis spectroscopy [42] . A similar Au 25 cluster was identified on CeO 2 rod catalyst [43] . Based on these similarities in the UV-Vis spectra we assume that such molecular-like clusters may also exist on titanate structures. The common property of CeO 2 rods and TNTs is that they both contain huge amounts of defects necessary for the stabilization of Au 25 clusters. Since we cannot rule out the possibility that the stabilized Au 25 cluster has a partial positive charge, these species may contribute to the higher binding energy tailing of Au 4f 7/2 . For comparison: the removal of thiolate ligands from the Au 25 (SR) 18 /CeO 2 rod catalyst resulted in three types of Au sites: Au n+ (0 < n < 1), Au + , Au n− (0 < n < 1) [43] . In our case, no negatively charged Au (indicated by a binding energy peak below the metallic Au position in the XP spectrum) was observed on TNT (Fig. 5 ).
Possible Role of Au 25 /TNT and Au + /TNT in the Photocatalytic Transformation of CH 4
Photocatalytic reactions were carried out in a flow-type photoreactor described in detail previously [48] . An immersion-type mercury-arc lamp placed in the center of reactor was used for irradiation. The reaction products were analyzed by a Hiden HPR-70 gas analysis system. Photocatalytic measurements revealed that methane is active towards photo-oxidation: it transforms mainly to hydrogen and, to a lesser extent, to ethane and methanol. We summarize here the most important photocatalytic data obtained on Au/TNT that contains small Au clusters and Au + , and they are compared to that measured on Au/TiO 2 (which does not contain small clusters or gold cations) ( Table 2 ). The table shows the average and maximal formation rates of the identified products and the methane conversion values. Au/TNT catalysts exhibited much higher activity in methane conversion than pristine nanotubes. The Au/ TiO 2 showed considerably smaller activity than the nanotube supported variant [48] .
In this section we discuss the main photocatalytic steps with emphasis of the role of small clusters and gold ions (Au + ) in certain steps. On Au/TNT no activity loss was observed. It was already established that TNT contain a large amount of structural (lattice) H 2 O [45] . When explaining the outstanding activity of Au/TNT, one should take into account that water could be a plausible reaction partner, which provides the oxygen reacting with the methyl radical.
It is generally accepted that electron-hole pairs are generated on metal (gold) promoted TNT upon the absorption of UV light [22] .
After the dissociation of the exciton described by Eq. 2, the electron and the hole migrate to energetically favorable positions. Electrons have a higher possibility to be found on the metal particles (Eq. 3) due to Fermi-level equilibration between the metal and the oxide [19] .
The charge separation reaches an equilibrium that is controlled by diffusion and drift currents and depends strongly on the rates of charge carrier generation and recombination.
Surface water molecules can catch the hole and produce a reactive OH-radical and H + that delocalizes on the nearby water molecules (Eq. 4). The as-generated hydroxide radicals are very aggressive oxidants and start to oxidize methane in a radical-type reaction (Eq. 5). The formed methyl radical adsorbs on the metal surface.
We cannot exclude that methane also reacts directly with the holes resulting in methyl radicals on the titanate surface (Eq. 6).
The methyl radical decomposes consecutively to hydrogen and carbon or recombines to ethane.
Nanoparticles of Au (and some other metals) are coupled to TiO 2 (including titanate nanorods) to exploit localized surface plasmonic resonance (LSPR) in photocatalysis [53, 54] . This phenomenon usually occurs in nanoparticles (> 3 nm), and depends strongly on the particle size, shape and local dielectric environment. This effect is expected to be more pronounced in the case of Au/TiO 2 where the average particle size is bigger (8.6 ± 1.5 nm) [54] .
The other important observation is that TNT can stabilize gold in small sizes (below 3 nm), and contain a significant amount of Au + in ion exchange position (Figs. 1,  2 ). In such small dimensions the plasmonic feature (LSPR) does not operate. However, multiple molecular-like transitions of the gold cluster (Au 25 ) were observed by UV-Vis spectroscopy (Fig. 7) and Au + was detected by XPS. As discussed above, the small metal clusters (Au 25 , probably with a partial positive charge), can bind strongly to the defect sites in TNT. These clusters may be directly involved in the photo-induced reactions, namely in the direct activation of the methane/Au 25 δ+ complex during irradiation. We strongly suggest that Au + ions may have a similar ability.
In the photo-induced transformation of methane on Au/TNT, CH 3 OH was also produced [48] . Its amount was one order of magnitude higher than on Au/TiO 2 . After 1 h UV irradiation, the collected DRIFT spectra indicated that bidentate carbonate and monodentate formate were formed at 1585-1558 cm −1 [48] . The further reduction of formate can be photo-assisted. The Au + coordinated to the
formate facilitates the transformation to methoxide, which then gives methanol:
Photocatalytic Reaction of CO 2 + H 2 on Au/TNT
Carbon dioxide chemistry has attracted increased interest recently, motivated by environmental concerns (greenhouse effect, global warming) and by the desirable utilization of CO 2 as a feedstock for the chemical industry [55, 56] . The chemical activation of CO 2 is a rather popular buzzword nowadays in catalysis and surface science when discussing CO 2 chemistry. It involves the activation and cleavage of the strong carbon-oxygen bonds and a subsequent establishment of new chemistry with higher enthalpy [57] [58] [59] . Once the surprisingly high catalytic activity of nanosized Au has been discovered in many reactions, its influence on the catalytic chemistry of CO 2 has also been tested [8, 48, 60, 61] . Here we focus on comparing the thermal and the photo-induced CO 2 + H 2 reactions on titanate-supported Au catalysts.
In our recent study we demonstrated that the size of gold nanoparticles on the surface has the most important effect on the final activity of the studied catalysts in the thermally activated CO 2 + H 2 reaction [62] . The size of the Au nanoparticles was controlled by their preparation method ( Table 1 ). The synthesis with NaBH 4 generally resulted in smaller Au nanoparticles (≤ 3 nm) on both Au/TNT and Au/ TiO 2 than the impregnation-post-reduction method, hence we can conclude that smaller nanoparticles are more active even if their total amount on the surface is less. In this size range Au/TNT and Au/TiO 2 have the same activity in thermally induced CO 2 hydrogenation. CO and H 2 O were the only products in the thermal reaction routes. Some typical conversion data are plotted in Fig. 8 . The proposed mechanism of CO formation is the decomposition of the formate to CO and a surface OH group [62, 63] .
In the present work, we study the photocatalytic reaction of CO 2 with H 2 on titanate supported gold catalysts. The results reveal fundamental differences in the reaction schemes as the products of the two routes are CO (thermal process) and CH 4 (photocatalytic route) indicating the importance of photogenerated electron-hole pairs in the reaction.
As we have already mentioned above, when synthesizing gold clusters, reduction with hydrogen at 473-573 K after impregnation (method A) usually results in higher inhomogeneity: the average size in the present case is 9.4 ± 2.9 nm on TNT. On the other hand, when reducing with NaBH 4 (method B) the size distribution is narrower, with the average size being 3.6 ± 1.4 nm for TNT (Table 3) . We could produce small gold clusters (3.9 ± 1.5 nm) on TiO 2 as well (10)
by reducing with NaBH 4 (method B). As presented in Table 3 , Au/TNT at same gold size exhibits significantly higher photoactivity than Au/TiO 2 . The average formation rate of CH 4 was ~ 2.5 times higher on Au/TNT(B). This means that the smaller size gold particles, which are characteristic of method B, cannot be the only reason for the outstanding activity. We believe that the high ion-exchange ability of the TNT plays an important role in the enhancement of its activity. It is also important to emphasize that the concentration of Au + in ion exchange position is higher after reduction with NaBH 4 (method B) as can be seen in Fig. 5 .
The fundamental difference with respect to the thermally induced reaction is that exclusively methane formation was observed. A typical methane formation process is displayed in Fig. 9 . The formation of methane is restricted to the UV irradiation periods. We should emphasize that methane was not detected when CO 2 was not present during irradiation. Figure 8 illustrates fitting Eq. 12 to the primary data. The formation rates and fitted parameters are shown in Table 3 .
Momentary formation rates (r i (t)) were calculated in µmol h −1 g −1 units. Average formation rates for a 9 h irradiation period were calculated for the main product with the integration of the experimental data:
The formation rates generally decrease over time. The decrease has an exponential first and a linear second part. We fitted the following function to the experimental data to determine the initial rate and the parameters that characterize the rate of activity decrease:
Here A, B, C and τ are the fitting parameters, τ is the time-constant of the exponential decrease, and B is the slope of the linear part. The initial formation rate was calculated using the following equation:
The exchanged gold ions can introduce surplus energy levels in the band structure of the TNT and trap photo-generated electrons, hence elongating the lifetime of electron-hole pairs. On the other hand, Au + ions as surface active sites can ease CO 2 reduction by coordinating the electron rich parts of the intermediate products similarly as oxygen vacancies do. Nevertheless, the reaction also proceeds without the mediation of gold cations, as it can be seen in Table 3 . We propose that the gold cations exert a promoting effect here.
Photocatalytic experiments performed in the DRIFTS sample holder did not result in any new peaks attributed to the irradiation. The same bands appeared upon the adsorption of reactants as in the thermal experiments and these absorptions did not change due to irradiation (Fig. 10a) . For comparison, the DRIFTS results obtained on Au/ TiO 2 (B) as can be also seen in Fig. 10b . On Au/TNT (B) bidentate carbonates (1572, 1383 cm −1 ) [64] , bicarbonates (1632, 1437, 1222 cm −1 ) [64] and formates (ν a (OCO) at 1501, and ν s (OCO) at 1312 cm −1 ) [65] [66] [67] are formed (Fig. 10A) . Carboxylate species that are more general for Fig . 8 The conversion of CO 2 on different catalysts in the CO 2 + H 2 reaction as a function of temperature. a Indicates reduction with H 2 , b Denotes preparation using NaBH 4 . The gold particle sizes are listed in Table 1 (Fig. 10) . This could be due to the coordinating effect of Au + or Au n+ that weakens the C = O bonds.
We hypothesize that the photocatalytic reduction of CO 2 takes place through surface formates. The first step is the activation of CO 2 , in which a radical anion (CO 2 *− ) is formed [57, 58, 61] [48, 68] .
Additionally, the gold-support interface forms a rectifying Schottky contact that helps in separating charge carriers, thus improving the utilization of electrons and holes in the reaction. The further reduction of formate has to be photoassisted. We summarize the reaction steps in Scheme 1. In these reaction steps we emphasize the importance of the gold cation. The gold cation coordinates the formate and facilitates the weakening of the C = O bond. A further photo-generated hole and a H 2 molecule constitute enough activation for the reduction. The formed surface species are unstable and undergo further reduction. Finally, methane forms through a short lifetime methoxy intermediate. All intermediates after formate can be assumed to have really short lifetimes, since they were not detected using infrared spectroscopy. Even so the reduction of surface methoxy species can also be photo-assisted just as the activation of the formate works. Without continuous UV-irradiation in a thermally activated reaction, the formate species reacts further at higher temperatures yielding CO and water:
A further possible mechanism of the CO formation is the decomposition of the surface formate to CO and a surface OH group (Eq. 18) [62, 68] .
Theoretically, the further reduction of CO to H 2 CO would also be possible with the help of oxygen vacancies, but the probability of CO desorption is high enough to stop the process at the CO stage due to the elevated temperature (403 K):
In contrast to the thermally mediated reaction where the reaction pathway was different (CO + H 2 O formation), in
photo-induced CO 2 hydrogenation a strong activity change was detected. We suggest that the main reason behind the observed deactivation is the accumulation of surface intermediates and side products as bidentate carbonates, bicarbonates and carbon formed from reactants at the irradiation temperature (348 K).
Concluding Remarks
In conclusion, recent literature data indicates that sub-nanosized gold clusters (Au 8 ) on MgO and Au 25 on CeO 2 rods can be prepared and characterized. Both clusters exhibited high catalytic activity in CO combustion at low temperatures. Au 9 /TiO 2 was also produced and characterized. Au 38 / TiO 2 showed the expected Arrhenius behavior, with apparent activation energy of 31.2 kJ/mol for the CO + O 2 reaction. However, the turnover frequency was lower than that over catalysts prepared by conventional methods on the same titania.
TNT have numerous advantageous properties that play important roles in several catalytic reactions. Titanate nanostructures are of great interest for catalytic applications because their high surface area and cation exchange capacity make a high metal dispersion possible. Ion exchange allows titanate nanostructures to incorporate metal adatoms in their framework, which may create another type of active center besides metal clusters. Similar to CeO 2 rods, TNT can also stabilize sub-nanosized gold clusters in Au 25 form.
Au/TNT decorated with sub-nanosized gold clusters exhibited the highest photocatalytic activity in methane transformation. The main product of this photo-induced process is hydrogen. Small metal clusters (Au 25 , probably with a partial positive charge) can bind strongly to defect sites in TNT. These clusters may be directly involved in photo-induced reactions, namely in the direct activation of Our results revealed fundamental differences in the reaction schemes as the products of the two routes are CO (thermal process) and CH 4 (photocatalytic route) indicating the importance of photo-generated electron-hole pairs in the reaction. The presence of gold nanoparticles on the surface has been found to have multiple roles. On the one hand, the metal promotes the adsorption and scission of reactants, important for both types of reactions. On the other hand, the gold-support interface forms a rectifying Schottky contact that helps in the separation of photogenerated carriers, thus improving the utilization of electrons and holes in the reduction and oxidation steps, respectively. Furthermore, gold ions in the cationic sites of the titanate lattice promote the photocatalytic transformation of formate (which is one of the intermediates), thus advancing the reaction further towards the fully reduced product.
For the sake of completeness we should mention that small, even sub-nanosized, clusters can be prepared on nonoxide type supports as well. The graphene structure is a good candidate for size selective metal deposition [69] [70] [71] . Very small Au clusters can also be prepared on hexagonal boron nitride [72, 73] . It was demonstrated that for these small clusters (Au n , (n = 2-4) on h-BN/Rh(111) nanomesh) a linear geometry is the most stable. All atoms in these clusters are negatively charged and might be catalytically active [74] . Porphyrin-related macrocycles are also able to stabilize different atoms or ions on the surface. Their surface can modified with co-deposited metal atoms, substrate metal atoms and oxide lattice ions [75, 76] . Their catalytic application is well-documented in a recent review [77] .
